Abstract-Chloroplast (trnL-F and rbcL) sequences were used to reconstruct the phylogeny of Geraniaceae and Hypseocharitaceae. According to these data Hypseocharitaceae and Geraniaceae are monophyletic. Pelargonium and Monsonia are sisters to the largest clade of Geraniaceae, formed by Geranium, Erodium and California. According to molecular dating and dispersal-vicariance analysis, the split of the stem branches of Geraniaceae probably occurred during the Oligocene, in southern Africa or in southern Africa plus the Mediterranean area. However, their diversification occurred during the Miocene, coinciding with the beginning of major aridification events in their distribution areas. An ancestor of the largest clade of Geraniaceae (Geranium, Erodium, and California) colonised a number of habitats in the northern hemisphere and in South American mountain ranges. In summary, the evolution of the Geraniaceae is marked by the dispersal of ancestors from Southern Africa to cold, temperate and often disturbed habitats in the rest of world, where only generalist pollination and facultative autogamy could ensure sufficient seed production and survival.
The Geraniaceae are included in the order Geraniales along with the families Francoaceae, Greyiaceae, Ledocarpaceae, Melianthaceae and Vivianiaceae (Soltis et al. 2000; APG II 2003) . A number of molecular and morphological studies have included the monogeneric family Hypseocharitaceae within the family Geraniaceae (Boesewinkel 1988; Rama Devi 1991; Price and Palmer 1993; APG II 2003) but they are separated by some morphological features such as fruit and carpel structure (Hutchinson 1969; Slanis and Grau 2001) .
Phylogenetic relationships were examined in four genera: Geranium (Price and Palmer 1993; Pax et al. 1997) , Pelargonium (Bakker et al. 1998 (Bakker et al. , 1999 (Bakker et al. , 2000 (Bakker et al. , 2004 (Bakker et al. , 2005 , Erodium (Fiz et al. 2006) , and Monsonia (Touloumenidou et al. 2007 ). The phylogenetic study of Geraniaceae using rbcL sequences by Price and Palmer (1993) showed Sarcocaulon to be included in Monsonia (Albers 1996a (Albers , 1996b Albers and Löbbert 1996) , and Pelargonium to be sister to the other four genera of Geraniaceae. The inclusion of Sarcocaulon in Monsonia was also supported by data on ITS and trnL-F (Touloumenidou et al. 2007 ). According to Price and Palmer (1993) , Erodium and Geranium are phylogenetically close, and California could be a sister group of the subclade formed by Erodium and Geranium (Aldasoro et al. 2002; Fiz et al. 2006) .
Geraniaceae have a worldwide distribution but are best represented in Southern Africa. Pelargonium has about 270 species centered in the Cape Floristic Region, Succulent Karoo, Nama Karoo, and KwaZulu-Natal while a lower number of species are found in east Africa, Australia, Madagascar, St. Helena, and Tristan da Cunha (Bakker et al. 1998 (Bakker et al. , 1999 (Bakker et al. , 2005 . The 39 species of Monsonia inhabit Africa and southwestern Asia (Kers 1968; Moffett 1979; Venter 1979 Venter , 1983 Albers 1996a, b) . Erodium has 74 species and shows its greatest diversity in the Mediterranean area (Guittonneau 1972; ElOqlah, 1989; Aldasoro et al. 2000) , while California only inhabits western North America (Aldasoro et al. 2002) . Geranium is the largest of the family, comprising about 420 species distributed all over the world (Fig. 1; Yeo 1973; Aedo et al. 1998 . Price and Palmer (1993) proposed that Hypseocharis could be the sister taxon to Geraniaceae. Hypseocharis grows in subalpine habitats of the central Andes (Boesewinkel 1988 (Boesewinkel , 1997 Slanis and Grau 2001) . Many members of Geraniaceae are characteristic of the Afro-Arabian land mass (Hutchinson 1969) . The differentiation of these genera can be associated with adaptation to desert and steppe environments, which became progressively more extended in Africa and Arabia during the end of the Tertiary (Kers 1968; Venter 1983) . The other members of the family are characteristic of today's northern temperate continents, and occupy more mesic environments (Yeo 1984 (Yeo , 1990 Boesewinkel 1988) .
Monsonia, Geranium, Erodium, and California bear actinomorphic flowers while Pelargonium flowers are generally zygomorphic. Geraniaceae flowers have one or five nectaries of four types: 1) one nectary formed by a tube in the hypanthium (most species of Pelargonium); 2) five nectaries forming tubes in the hypanthium (two species of Monsonia); 3) five nectaries at the base of the stamens, forming closed nectar pockets due to sepal enlargement (five species of Monsonia), and 4) five external, knob-like nectaries, located at the base of stamens (the remaining species of Monsonia, and all Geranium, California and Erodium) (Vogel 1954 (Vogel , 1998 Link 1990; Aldasoro et al. 2000 Aldasoro et al. , 2001 Aldasoro et al. , 2002 Touloumenidou et al. 2007) . While the nectaries of types 1-3 store the nectar in a concealed tube or bag-shaped structure only accessible to longtongued pollinators, the external knob (4) of the remaining species of Monsonia, Geranium, California, and Erodium is easily accessible to short-tongued insects.
The main pollinators and other reproductive features of the Geraniaceae are known for Pelargonium (Struck and Van der Walt 1996; Manning and Goldblatt 1997; and Geranium (Green 1978; Mulcahy 1983; Philipp 1985; Hessing 1989; Dlusskii et al. 2000; Kandori 2002 ). Bakker et al. (2005) published an analysis of the evolution of Pelargonium, studying the possible relationships between pollination types and flower shape. One of the most characteristic pollination syndromes in South Africa is by long-proboscid flies visiting flowers with deep nectaries and is relatively frequent in Pelargonium Goldblatt and Manning 2006) . Other Pelargonium syndromes are by short-proboscid flies, bees, butterflies and birds. Pollinators are less well known for Erodium (Simon et al. 2000) and Monsonia. Thus, further information is necessary to complete the knowledge about the flower-visitor relationships in Geraniaceae.
The aim of the present work was to undertake phylogenetic reconstructions of Geraniaceae and examine the ways in which the current geographic distributions came about. Compilation of data about habitats, reproductive and dispersive systems and chromosome numbers would serve to analyse the role of these features in relation to main evolutionary and biogeographic events.
MATERIALS AND METHODS
Plant Material and Analyses of Reproductive Features-The plant material used for DNA extractions included fresh and herbarium specimens (Appendix 1). For morphological, reproductive and pollen studies, living and herbarium specimens were examined (Appendix 2). Living specimens were obtained from seeds collected in the field, obtained from botanical gardens, or in two cases bought. Vouchers are housed at Real Jardin Botanico de Madrid (MA) .
To obtain information on breeding systems, pollen-ovule (P/O) indexes were calculated for many species (Appendix 2). Geraniaceae flowers have five fertile ovules, one in each carpel. Thus, for calculating P/O indexes, the number of pollen grains per anther was counted, multiplied by the number of anthers per flower and divided by five. Buds were collected, fixed and preserved in "Kew liquid" (Fordman and Bridson, 1989) . Anthers were opened under a dissecting microscope and all pollen grains were counted at 3× magnification. Two anthers from each of five flowers taken from different plants were examined for each species. For dioecious species, the mean pollen grain number of a least ten male flowers was divided by five (the number of fertile ovules per female flower). These results, plus field observations and data from the literature, were used to define the reproductive system of each species (Cruden 1977) . Plants grown in the Madrid Botanical Garden (see Appendix 2) were used to test for automatic self-pollination. Twenty inflorescences belonging to three or four plants were bagged before opening, and the number of seeds produced in the mature mericarps counted. A similar number of unbagged plants were tested for free pollination.
Most data about flower visitors were compiled from literature; the rest were obtained by observation in the field (Appendix 3). Absolute number of visits per time, and the number of taxa of pollinators were recorded in a table. Species of Geranium and Erodium were usually censused three times (May, August, and September, 2004-2006 , total time of censuses specified in Appendix 3). Due to the difficulty of visiting Monsonia habitats, they were censused only one time, but in two or three locations (December-January, 2005; Appendix 3). Insects were collected, identified and measured in the laboratory.
PCR Amplification, Sequencing, and Sequence Analyses-One hundred and thirty one DNA sequences were included in the analysis, of which 44 trnL-F and 21 rbcL sequences were obtained during this project ( (Bersama, Crossosoma, Francoa Greyia, Melianthus, Viviania, and Wendtia) .
Approximately 20 mg of leaf tissue from fresh (field collected) or herbarium material were taken and the DNA extracted using the DNeasy Plant Mini Kit (QIAGEN Laboratories, Hilden, Germany). The forward primer 'e' and reverse primer 'f' were used for PCR amplification of the trnL(UAA)-trnF(GAA) spacer (Taberlet et al. 1991) , and primers 1F, 636F, 724R and 1460R for rbcL sequences (Olmstead et al. 1992; Fay et al. 1998 ). The PCR conditions for the amplification of trnL-F and rbcL are described in Fiz et al. (2006) and Savolainen et al. (2000a) , respectively. The amplified products were purified using spin filter columns (PCR Clean-up kit, MoBio Laboratories, Carsbad, California). Cleaned products were sequenced according to Fiz et al. (2002) .
Sequence data were stored in a contig file and edited using the Seqed program (Applied Biosystems, Branchburg, New Jersey). Pairwise divergence among sequences was calculated by using the NJ method (Saitou and Nei 1987) with the Kimura 2-parameter distance model (Kimura 1980) .
The trnL-F sequences had 217-413 bp depending on taxa. The largest divergences in sequence between taxa reached 27.94% in Geraniaceae and 45.89% in Geraniales. For rbcL sequences, differences reached 11.05% in Geraniaceae and 18.22% in Geraniales.
Clustal X ver. 1.62b (Thompson et al. 1997 ) was used for the alignment of the sequences, followed by manual adjustment to maximize similarity (Simmons, 2004) . Balbisia and Wendtia showed no identical fragments in the trnL-F matrix and it was not possible to align them; consequently they were not used in this analysis. Cladistic analyses were conducted using Fitch parsimony (Fitch 1971 ) with unordered, equally weighted characters. Heuristic searches were performed using ACCTRAN optimisation.
Phylogenetic reconstructions of the rbcL, trnL-F and combined matrices were carried out using PAUP* 4.0b10 (Swofford 2002) and MrBayes ver. 3.0b4 (Ronquist and Huelsenbeck 2003) . A heuristic search was performed with 100 replicates of random addition sequences, Tree BisectionReconnection (TBR) branch swapping, and with the Mulpars option selected. Bootstrap analyses (Felsenstein 1985) were performed using 1000 replicates, random taxon addition with 10 replicates per replicate and no branch swapping. For simultaneous analysis (Kluge, 1989; Nixon and Carpenter 1996) we combined the trnL-F and rbcL datasets, using missing value marks for the parts not sequenced. Since the trnL-F and combined matrices are very large, data analyses aborted in the first replicate. Thus, we analyzed them using PRAP/PAUP (Müller 2003 (Müller , 2005 , which allows running the parsimony ratchet (Nixon 1999) . Trees and data matrices for rbcL and trnL-F are posted at TreeBASE (study number S1569).
To determine the simplest model of sequence evolution that best fit the data, the hierarchical likelihood ratio test (hLRT, Felsenstein 1988 ) and the Akaike information criterion (AIC, Akaike 1974) were used employing MrModeltest 1.1b software (Nylander 2002) . Both tests selected the same substitution models: GTR + ⌫ for the trnL-F matrix, and GTR + ⌫ + I for rbcL. The proportion of variable sites for trnL-F was 50% in Geraniales (44% in Geraniaceae subset), from which informative ones was 33% (30% in Geraniaceae). For rbcL, the proportion of variable sites was 26% in Geraniales (19% in Geraniaceae), and the informative ones 18% (13 in Geraniaceae subset).
A Bayesian MCMC analysis (Yang and Rannala 1997) using MrBayes ver. 3.0b4 (Huelsenbeck and Ronquist, 2001 ) was run for 2 million generations using the default parameters. A 50% majority rule tree was obtained after discarding the first 10 4 (rbcL matrix) or 10 5 (trnL-F) generations as burn-in prior to reaching stationarity. MacClade ver. 3.08 (Maddison and Maddison 1992) was used to map the distribution of character state changes.
Biogeographical Analyses and Molecular Datations-Ancestral areas were reconstructed for both trnL-F and rbcL using dispersal-vicariance analysis (DIVA; Ronquist 1997) . Areas of endemism were defined by the presence of at least one endemic taxon (Fig. 1) . The program demands fully resolved trees; the tree with the highest likelihood obtained from the Bayesian analysis was selected for this purpose.
Two relaxed-clock methods using different statistical bases were used to reconstruct divergence times for each marker: the Penalized Likelihood approach (PL) (Sanderson 2002 ) and the Bayesian Relaxed Clock (BRC) (Kishino et al. 2001; Thorne et al. 1998 Thorne et al. , 2002 . These reconstructions were performed by r8s ver. 
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majority rule consensus tree (obtained from the BI tree) was used for reconstructing the divergence times of each node for each marker. The clock hypothesis was rejected using the likelihood ratio test. Calibration points were obtained from fossils and published dating analyses. An upper age constraint was deduced from the data of Wikström et al. (2001, appendices: node 183) , who calculated the age of many clades of the angiosperm tree by calibrating it with a fossil of the Fagales. The ages obtained by these authors ranged between 47 and 38 MYA for the ancestral node of Geraniaceae excluding Hypseocharitaceae (node D in Figs. 2, 3, but see also Bakker et al. 2005) . Thus, we used these data as minimum and maximum constraints for node D. Minimum age constraints for two terminal subclades were taken from the fossil record Branches in the parsimony tree that contradicted Bayesian tree are indicated by * under the branch. The number of steps was 683, CI = 0.637 (excluding parsimony-uninformative characters), RI = 0.884. Circled letters are node names; non-circled letters are ancestral areas inferred from DIVA analysis (see Fig. 1 for area interpretation). The letters on the right represent the distribution of each taxon analysed (see Fig. 1 for area interpretation). As the topologies are different, the nodes are marked differently in Fig. 2 with respect to Figs. 3 and 4. The geographic distribution of species marked with • is tentative, because they were probably dispersed by the man to different continents.
(arrows f 1 and f 2 in Fig. 3 ). The only available Geraniaceae fossils confidently assignable to Geraniaceae are pollen grains from the middle Miocene of Spain (Van Campo 1989) . Photographs of these grains were examined by the authors and two of them were assigned to Erodium subg. Barbata (pollen with interwoven striae; the rest of subgenera is reticulate), and Geranium subg. Robertium (pollen with sexine 2 distinct, nearly reticulate; in the rest of Geranium groups the sexine is indistinct, and is covered by supratectal elements; see Stafford and Blackmore 1991) .
To estimate the divergence times of the Geraniaceae nodes, the r8s penalized likelihood method (PL) was used (Sanderson 2002) . Searches were started at five different time estimates. Each estimate was perturbed and restarted up to three times to avoid local stability. The smoothing parameter (log 10 ) was calculated by cross-validation. The lowest cross validation score was found by testing different smoothing values ( = 10x), starting at 1 and increasing the value of x by steps of 0.5 up to 1,012. The smoothing value of and = 32 (rbcL) and = 10 (trnL-F) corresponded to the lowest prediction error (the lowest cross validation score); it therefore provided the best semiparametric model for the data (Sanderson 2002) .
Multidivtime was used following the procedure outlined by Rutschmann (2004) , which involves the use of three programs: Baseml (PAML ver. 3.14; Yang 1997), Estbranches (ver. 8-5-03; Thorne et al. 1998) and Multidivtime (ver. 9-25-03; Kishino et al. 2001; Thorne and Kishino 2002) . After the parameters were estimated from the data using Baseml, branch-lengths (and variances and covariances) were estimated using Estbranches. Finally, Multidivtime served to estimate the posterior distributions, substitution rates and node times using a Bayesian procedure. The settings used in Multidivtime were: for the age of the root (rttm prior) and its standard deviation, we used a value of 1.5, which equals 45 MYA (1.5 × 30); for the prior on rate change (brownmean). For its standard deviation we selected a value of 0.4 obtained form estbranches data. Bigtime value was set at 100 MYA, other values were default values of the package Multidivtime.
Rates of diversification were obtained using equation 7 of Magallón and Sanderson (2001) . Estimators of rate of diversification were calculated, assuming that the rate of relative extinction ∈ varied between a lower and upper limit of 0 and 0.9 (Magallón and Sanderson 2001) . Figures  2 and 3 show the results obtained from the trnL-F and rbcL sequences, respectively. Parsimony and Bayesian analysis produced similar topologies, with high support for the clade formed by Geraniaceae plus Hypseocharitaceae (node C) and for that of Geraniaceae alone (node D, Fig. 2) . However, the rbcL tree indicates low support for the remaining Geraniales as sister to Geraniaceae plus Hypseocharitaceae. The combined matrix produced a topology similar to that of the independent data sets but differing in its branch support (Fig. 4) .
RESULTS

Analysis of trnL-F, rbcL and Combined Matrices-
The trnL-F and rbcL trees showed four main nested clades: 1) Hypseocharis as sister to Geraniaceae (node C), 2) Pelargonium as sister to all the remaining Geraniaceae (node D), 3) Monsonia, including the section Sarcocaulon (node G), and 4) a large clade comprising Geranium, Erodium, and California (node H for trnL-F and node N for rbcL). The fourth clade showed different topologies depending on the locus used. The clade of Monsonia was unresolved with respect to trnL-F; showing two nested polytomies. The phylogenetic relationships between Geranium, Erodium, and California are unclear because of the low support for the alternative topologies inferred from both markers (Figs. 2, 3) .
The clade of the genus Geranium showed two main branches, one formed by most species of subg. Robertium (K 1 , Fig. 2) , and the other formed by the remaining subgenera (K 2 , Fig. 2 ). This is consistent across all analyses. Two main branches appeared in the trnL-F and rbcL analysis of Erodium, and the monophyly of this genus is well supported in Bayesian analyses (Figs. 2-4) . The topologies obtained by parsimony and BI analyses were quite similar for both the trnL-F and rbcL matrices (Figs.  2, 3) . In the simultaneous analysis, only the positions of California macrophylla, Erodium brachycarpum, E. glaucophyllum, Geranium macrorrhizum, and the branch of Monsonia nivea-M.
heliotropioides are in conflict (Fig. 4) . If trnL-F and rbcL trees are compared, only the position of California macrophylla is in conflict. In the trnL-F tree, California is sister to Erodium, while in rbcL it is sister to the clade formed by Erodium and Geranium; neither topology had strong bootstrap support. Biogeographical Analyses-The biogeographic analysis using DIVA resulted in a single optimal reconstruction requiring 14 dispersals for the trnL-F tree and 11 for the rbcL tree (Figs. 2, 3 respectively, see letters over the nodes). South America plus Southern Africa (area bc) was suggested as the ancestral area for Geraniaceae plus Hypseocharitaceae (node C).
The clade of the ancestor of crown node of Geraniaceae (node D) was assigned to Southern Africa (area c). The nested clade formed by the ancestor of Monsonia, Geranium, Erodium, and California was assigned to the composite Southern Africa plus Mediterranean-West Asian region in the trnL-F tree (area cg, node F), while that of Pelargonium was assigned to Southern Africa (c). Thus, a dispersal event towards the Mediterranean-West Asian region was required for an ancestor of Monsonia, Geranium, Erodium, and California.
Many of the upper nodes of Geranium were unresolved and assigned to large combinations of areas, probably due to dispersal events. Conversely, the lower nodes of Erodium were assigned to the Mediterranean-West Asian region, except for one which was assigned to area eg (Mediterranean plus Australia), which is explained by a long-distance dispersal event.
Reconstruction of Divergence Times-Upper and lower constraints for the split of the genus Pelargonium were obtained from the data of Wikström et al. (2001) , while two Geraniaceae fossils were used to constrain the terminal branches. These data yielded a rate of 8.64 * 10 −10 substitutions per site per year (s/s/y) for rbcL, and 2.26 10 −9 s/s/y for trnL-F. Results are shown in Table 1 and the chronogram of Fig. 3 .
Node F marks the separation of the ancestor of Geranium, Erodium, and California and the ancestor of Monsonia ( Fig. 3 ; Table 1 ). The data obtained for these nodes indicate the late Oligocene as the time of splitting between these branches (26-34 MYA), which should be distributed in Africa, the Mediterranean, and West Asian region. According to our results, the age of separation of the clade formed by Geranium, Erodium, and California (nodes N or H) is between 18-29 MYA. These ages range from the late Oligocene to the lower Miocene. The diversification of Monsonia, Geranium, and Erodium seems to have occurred from the mid-Miocene onwards. Also, the diversification of the largest clade of Geranium seems to be recent, during the later Miocene (G. subg. Geranium sensu lato, grouping more than 380 species) Table 2 shows the diversification rates for the family Geraniaceae. Pelargonium (0.28-0.42) and Geranium (0.25-0.37) show high rates in contrast to Erodium and Monsonia which showed the lowest rates (0.1-0.23).
P/O Indexes and Pollination in Geraniaceae-Most species of Pelargonium are distributed in Africa (Fig. 1) , and have medium to low P/O indices (Fig. 5) . They are generally autoincompatible and visited by a low number of visitors, mainly medium to long-tongued Diptera, Lepidoptera, and large bees (Table 3 , Appendix 3). Pollination by birds, shorttongued Diptera, wasps, and auto-pollination are comparatively rare in this genus.
Monsonia species with nectar-pockets have very high P/O indexes and are probably pollinated by long-tongued insects, but our observations are limited to M. drudeana (Table 3 , Appendix 3, Fig. 5 ). Two Monsonia species with tubular nectaries that grow in east Africa have low P/O indices and their pollinators are unknown. The remaining species of Monsonia have accessible, knob-like nectaries, and are visited by a range of pollinators (Bombylidae, wasps, large bees, Lepidoptera, etc.) and produce a lot of pollen. The P/O indexes of 11,753 for M. speciosa and 7,337 for M. ciliata are uncommon for Geraniaceae.
Erodium is distributed mainly in the Mediterranean basin where it grows in mountainous and disturbed places. 32.87% of all Erodium species are autogamic annuals that colonize disturbed habitats (Fig. 1) . Erodium showed a large proportion of species with low P/Os and they are in many cases selfers (Appendix 2; Fig. 5 ). In some cases, auto-pollination increases in stressful situations or at the end of the flowering season. The number of visitor taxa per species is quite similar in Erodium and Geranium (Erodium with a median 11 taxa per species, and Geranium with a median 9 taxa per species; Fig.  6 ), and it is higher than in the rest of genera. Although our observations on visits per time are quite limited, they suggest that visitors are relatively scarce in Monsonia and compar-TABLE 2. Diversification rates of Geraniaceae using rbcL data and some features related to types of reproduction (-: not studied). Though many species of Erodium are protandrous, they show incomplete dichogamy, and at the beginning of the female fertile period the anthers (still with pollen grains) bend outwards to keep them away far from the stigma. This process hinders but does not prevent self-pollination caused by the chaotic movements of some Halictidae insects, especially during the female period. As in Geranium, small bees encircle the androecium but, in contrast to Erodium, they reach the stigma, often causing self-pollination. Conversely, Syrphids and some other Diptera (e.g. Bombylidae) are better pollinators for Erodium because they hover and land on the lower petals and do not make random movements inside the flower. Erodium sect. Malacoidea and E. sect. Cicutaria show attractive structures on the upper petals (e.g. color spots, globular hairs mimicking nectar droplets, or shining flattened hairs), all of which attract Syrphids by promising large quantities of nectar. A Mann-Whitney analysis of the total Syrphid taxa showed the Erodium spotted species to be significantly more in demand (p = 0.002, z = −3.08, n = 26). Also, the number of Syrphid visits per time unit is higher in spotted species (p = 0.0006, z = −3.43, n = 13). Other insects (e.g. other Diptera, Hymenoptera, Coleoptera, and Lepidoptera), showed no significant difference in the number of visits they made to flowers of either type.
Certain Geranium species present medium to low P/Os, and high selfing rates ( Fig. 5 ; Appendix 2); P/O is especially low in annuals and small-flowered mountain perennials. Also, Geranium is the genus with more species adapted to high altitudes and latitudes. Only 8.6% of all studied Gera- 
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nium (N = 186) are autogamic annuals growing in lowaltitude disturbed habitats. The large flowers of many species of Geranium favor larger visitors. Large bees and bumblebees are the most effective pollinators in this genus, while small bees and flies have difficulty successfully pollinating this type of flower (Table 3 ; Appendix 3).
DISCUSSION
Evolution of the Geraniaceae-The phylogenetic analyses of the trnL-F and rbcL sequences gave consensus trees with only one point of incongruence: the position of California macrophylla. In addition, the main branches were well supported in the simultaneous analysis (Fig. 4) . The trees obtained by parsimony and Bayesian analyses were congruent for most clades and confirm the conclusions of Price and Palmer (1993) and the APG II (2003), showing Hypseocharis as the sister group of Geraniaceae s.str. The monophyly of Geraniaceae plus Hypseocharitaceae and the Geraniaceae alone were corroborated. The position of Geraniaceae plus Hypseocharitaceae in the order Geraniales was studied by Soltis et al. (2000) , Savolainen et al. (2000a, b) , and Wikström et al. (2001) , who reported good support for both taxa as monophyletic groups. The position of Hypseocharis in the phylogenetic trees (Figs. 2-4) , the degree of molecular divergence, and the morphological differences with its closest relatives, suggest that Hypseocharis is a taxon related to ancestors of Geraniaceae s.str. that survived in subalpine meadows of the central Andes.
The genus Pelargonium was found to be the sister group of the remaining genera of Geraniaceae, which was first reported by Price and Palmer (1993) . However, Pelargonium species show a mixture of plesiomorphic and apomorphic traits. Some of these synapomorphies include zygomorphy of the flower, the reduction of five nectaries to one (a tube deep inside the hypanthium), the reduction of the stamens from 15 to 5-8, and anemochorous mericarps assisted by a pappus. The plesiomorphic characteristics include shape of the mericarps (fusiform), and fruit bristles without rims (Aldasoro et al. 2001) .
The present results favor the inclusion of Sarcocaulon in Monsonia, as proposed by Albers (1996a Albers ( , 1996b and suggested by phylogenetic analyses based on morphology (Aldasoro et al. 2001) and ITS and trnL-F markers (Touloumenidou et al. 2007 ). The present analyses confirm the distinctiveness of California, although its phylogenetic position remains unclear. According to the rbcL and simultaneous analysis trees, California might be sister group of the clade of Geranium and Erodium.
Finally, the infrageneric groups retained in the present analysis only partly reflected their current taxonomic classification within the genera Geranium and Erodium (Guittonneau 1972; Yeo 1984; El-Oqlah 1989) . More extensive sampling is needed to acquire sufficient information for a new taxonomic treatment.
Biogeography and Age Estimates-The biogeographic analyses suggest South America and Southern Africa to be the ancestral home range of the Geraniales (Figs. 1-3) . The families of Geraniales show several transAtlantic connections that can be explained by vicariance and/or dispersal.
According to DIVA, separation of the sister genera to the largest Geraniaceae clade occurred in Southern Africa and the Mediterranean. The early split between Pelargonium and the ancestors of Monsonia, Erodium, Geranium, and California could suggest that long-tongued pollinators were already present in Southern Africa during their early split. However, Bakker et al. (2005) reported that the ancestral pollination system of Pelargonium is by short-tongued flies or bees, while pollination by long-tongued flies may be a derived character. In that case, concealed nectaries could also be convergent synapomorphies derived in different clades. According to our reconstruction of Geraniaceae phylogeny, splitting between the deep-nectary and knob-nectary Monsonia is feasible in Southern Africa during the midMiocene, probably driven by changes in the composition of pollinator communities.
Most Pelargonium and Monsonia species are droughttolerant; species of Monsonia sects. Sarcocaulon and Monsonia are the best adapted to deserts and semideserts. Between 75 and 30 MYA, much of Africa was occupied by lowland rainforest very similar to those of present-day west central Africa (Axelrod and Raven 1978) . Arid episodes may have occurred in southwestern Africa since the Cretaceous, 80 MYA (Ward et al. 1983 ) to the early Oligocene, 34 MYA (Van Zinderen Bakker 1975; Dieckmann et al. 2004 ). However, the most intense aridification seems to have take place in the midMiocene (around 10-15 MYA) after the final establishment of the Benguela current (Siesser 1980) . The progressive change towards a drier and colder climate might have triggered the diversification of the two main lines of drought-adapted Geraniaceae: Pelargonium and the fleshy Monsonia. Aridification greatly accelerated in Africa during the late Miocene and Pliocene, largely as a result of the uplift of the continent and the further development of the Rift Valley (Axelrod 1972; Baker et al. 1972) . During this age, Pelargonium reached its greatest rate of diversification in Southern Africa (Bakker et al. 2004 (Bakker et al. , 2005 .
If the position of the genus California in the rbcL and the simultaneous analysis tree is accepted (Fig. 4) , a dispersal event to North America must have occurred for ancestors of California, Erodium, and Geranium. Thus, the ancestors of the largest clade of Geraniaceae may have dispersed from Southern Africa to Eurasia via the Saharo-Sindian deserts and later to North America (Van Zinderen Bakker 1969), or from North Africa to Europe and then to North America (Lavin et al. 2000) .
Finally, it is important to comment on the diversification of the largest clade of Geraniaceae, with more than 400 species of Geranium and 74 of Erodium. According to our estimates (Fig. 3) , this diversification occurred mainly in the Mediterranean Basin and in Eurasia during the latter part of the Miocene and Pliocene. The appearance of many mountain systems and the climate changes in these regions could have encouraged the ancestors of some current species of Erodium and Geranium to adapt to disturbed or to high and cold environments. Many nodes sister to the central clade of Erodium were assigned to the Mediterranean-west Asian region and just one to the Australia and Mediterranean-west Asian region. This suggests long distance dispersal from the Mediterranean Basin or west Asia to Australia. Also several groups of Geranium seem to have dispersed repeatedly to South America. Successful long-distance dispersal has been described between Australia and the northern hemisphere (Smissen 2003; Fiz et al. 2006) .
Some of the characteristics of Geraniaceae mericarps (e.g. plumose awns, pappus, or adhesive devices) seem not to 2008] FIZ ET AL. PHYLOGENY & BIOGEOGRAPHY OF GERANIACEAErelate to the extent of their distribution area, diversification rate, nor chance for long-distance dispersal. However, DIVA analyses indicated that certain Erodium and Geranium might have experienced several dispersal events from the Mediterranean to Australia or America (Fiz et al. 2006) . Also several species of Pelargonium sect. Peristera might have dispersed from South Africa to Australia, St Helena, and Tristan da Cunha (Bakker et al. 1998) . Some authors compared certain characters and parameters indicative of wind dispersal capability in Geraniaceae, concluding that many species of Pelargonium, Erodium, and Monsonia have measurable winddispersal capabilities (Zeide 1976; Rösch 1977 Rösch , 1978 Loria and Noi-Meir 1980; Burke et al. 1998) . Others have reported that Erodium and Geranium mericarps (or seeds) can be collected, eaten, or transported by ants (myrmecochory), reptiles, birds and mammals (by ectozoochory or endozoochory; Hayward in Ridley 1930; Soholt 1973; Skorupa et al. 1980; Shmida and Ellner 1983; Lane et al. 1999; Albert et al. 2005; El Mouden et al. 2006 ). However, Stamp (1984 Stamp ( , 1989 and Van Reede and Van Rooyen (1999) indicated that the dispersal distance of certain Geraniaceae, such as Erodium, is low. Based on experimental simulations, Stamp (1984 Stamp ( , 1989 found that mericarps were never dispersed by more than 3 m. Clark (1998) and Higgins and Richardson (1999) have used mathematical simulations to explore potential spread rates, and reported that relatively infrequent long distance dispersal events can strongly influence the final figure obtained. Thus, dispersal strategies could increase their complexity by these rare events, such as sporadic myrmecochory and ecto-or endo-zoochory, which have been observed in both Erodium and Geranium.
Flower Evolution, Pollination Ecology, and Diversification Rates-The visitor-plant relationship is an important selective force during evolution and can lead to a faster diversification rate. The rates of diversification of Erodium and Monsonia are similar to the average values of other angiosperms (Table 2) , but not to those of Geranium and Pelargonium, which are somewhat higher than the mean (Magallón and Sanderson 2001) . Struck and Van der Walt (1996) reported that Pelargonium presents a considerable diversity in flower shape and pollination syndromes. Also, Bakker et al. (2005) reported a correlation in certain clades between the number of species and a shift to long-tongued pollination. In Southern Africa, several other specialised pollination systems, involving long-tongued insects, have been reported (Table 3 ; Johnson and Steiner 2000; Goldblatt and Manning 2006) . Various authors have proposed three alternative explanations: the higher incidence of specialized pollinators in the region (Barraclough 2006; Goldblatt and Manning 2006; Van der Niet et al. 2006 ), a depauperate pollinator fauna (Johnson and Bond 1992; Barraclough 2006) or the existence of a pollinator mosaic . Also, Ricklefs and Renner (2000) reported the existence of a significant relationship between high species diversity and animal pollination and herbaceousness.
In agreement with their different types of nectaries and distribution, the main groups of Geraniaceae could be subject to different selective pressures depending on their pollination ecology and habitats. Most Pelargonium with deep nectaries and Monsonia with sepal-concealed nectaries are restricted to Southern Africa and Namibia. In contrast, northern species of Monsonia (Saharo-Sindian area), as well as California, Geranium, and Erodium (northern hemisphere and South American ranges), produce unspecialized flowers that attract many taxa of insects. Those genera presumably faced the climatic deterioration and loss of pollinators at the end of the Tertiary by a shift to generalist pollination and a higher reproductive flexibility.
The Mediterranean flora is distinguished by a high proportion of annual taxa, which is likely to have resulted from long-lasting disturbance regimes (Shmida 1981; Pons and Quezel 1985; Herrera 1991; Fiz et al. 2002) . The clade of Erodium, California, and Geranium colonised the Mediterranean, much of Europe and America during the end of Tertiary, once or more times, and must have acquired new sets of pollinators. As opportunistic bees dominated many of these regions, the possibilities for floral specialization were limited (Schemske 1983) . Moreover, generalization usually reduces the risk of reciprocal declines between pollinators and plants (Deyrup and Menges 1997) .
Geranium includes more species adapted to wide ranges in altitude and latitude than the other genera of Geraniaceae. The diversification rate of this genus is high (only that of Pelargonium is higher in Geraniaceae). The speciation could be triggered, at least in parts of its range, by the formation of new mountain ranges and climatic deterioration. Studies on the insects found over altitude and latitude gradients showed that the tundra is home to many more Diptera than large Hymenoptera (Table 3 ; Blionis and Vokou 2002; Totland 1993; Elberling and Olesen 1999) . However, only large bees and bumble-bees maintain high levels of activity and efficiency under low temperatures (Bingham and Orthner 1998; Bingham and Ranker 2000) . Thus, large bees and bumblebees are the best pollinators of Geranium in these habitats (Kandori 2002; Dlusskii et al. 2000) .
Erodium, the genus with most species growing in disturbed habitats (and many of them with high autogamy rates) shows a wide spectrum of low-efficiency visitors and pollinators (Table 3 ). These observations agree with Inoue (1988) , who reported a relationship between abundance of inefficient pollinators and an increase in autopollinaton rate in Campanula. Similar changes have been reported for some taxa seen as colonizers in parts of the Northern Hemisphere. In many of those taxa, plasticity in pollinator attraction and outcrossing rate seems to have been the best evolutionary option (Inoue 1988; Stephenson et al. 2000; Kalisz et al. 2004) .
